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Abstract: The structure of the planar liquid—vapor interface of a room-temperature ionic liquid, 1-n-butyl-
3-methylimidazolium hexafluorophosphate ([bmim][PFs]), is studied using atomistic molecular dynamics
simulations. Layering of the ions at the interface is observed as oscillations in the corresponding number
density profiles. These oscillations, however, are diminished in amplitude in the electron density profile,
due to a near cancellation in the contributions from the anions and the cations. An enhancement by 12%
in the electron density at the interface over its value in the bulk liquid is observed, in excellent agreement
with X-ray reflectivity experiments. The anions are found to predominantly contribute to this increase in the
interfacial electron density. The cations present at the interface are oriented anisotropically. Their butyl
chains are observed to be preferentially oriented along the interface normal and to project outside the
liquid surface, thus imparting a hydrophobic character. In the densest region of the interface, the imidazolium
ring plane is found to lie parallel to the surface normal, in agreement with direct recoil spectroscopy
experiments.

1. Introduction Although the interface of a liquid with its vapor is small

A new class of ionic salts, room-temperature ionic liquids compared to its bulk, it plays a major role in many applications,
(RTILs), is gaining widespread attention in industry and such as multiphasic catalytic reactions, and hence its study is
academia due to their interesting physical and chemical proper-0f primary importancé.Properties of liquids and ion concentra-
ties. These compounds, which are liquids at or around room tions at a liquic-vapor interface have been documented to be
temperature, have a neg||g|b|y low vapor pressure due to Strongdifferent than those in bulk In the case of RTILs, a number
Coulombic interactions. They are thus termed “green solvents”, of experimental investigations have been carried out to deter-
in contrast to traditional volatile organic solvents. RTILs are Mine the location and orientation of the ions at the-#nic
nonflammable, thermally stable, and liquid over a wide range liquid interfacet’=22
of conditions, which makes them suitable for industrial applica-  Neutron reflectivity studie® indicate a possible layering of
tions12 Recent progress in environmentally friendly synthesis Molecules in liquid [omim][BE&] which extends up to 40 A from
of these liquids is likely to make them even more viablzue the liquid—vapor interface. The ionic liquievapor interface
to these possible potential applications, several experimental and1@s also been studied by using direct recoil spectroscopy
computational studies of these compounds have been refioited.  (DRS)®*?and sum frequency generation (SFG) technidtiés.
1_n_Buty|_3_methy|imidazo|ium hexaﬂuorophosphate ([bm|m]_ While the SFG eXperimentS conclude that the bUtyl tail of the
[PFg]) is one of the most studied RTILs. It has been used as a cation points away from the surface with a certain tilt, DRS
solvent and as a Cata|yst in several Synthetic procégsjéé-z results indicate that the plane of the imidazolium ring is
A number of Computationa| studies have also been performed perpendicular to the surface and that the bUtyl tails are parallel
to understand the intermolecular structure and dynamics of this ;5
compound-3-15
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to the surface in liquid [bmim][P& and perpendicular to it in
[bmim][BF,].181° In recent SFG experiments, Rivera-Rubero
and Baldell#* observed the butyl tail to project into the vapor
phase and the ring plane to lie flat on the liquid surface.
Obviously, there is a need to resolve these issues.

Deutsch and co-workeds have recently reported X-ray
reflectivity and surface tension data for the [bomim]§PFvapor
interface. They observed a Q2% increase in the density of

electrons at the interface compared to that in the bulk, and they

concluded that this interface does not exhibit density oscillations,
such as those observed in liquid metalsr in the MD
simulations of a [mmim][CH-vapor interfac&®27Very recent
simulations of the liquietvapor interfaces of [bmim][P4fand
[bmim][BF4]?8 have also indicated oscillations in number and

Table 1. Details of Simulated Systems

no. of temp supercell dimensions equilibration run analysis run
jon pairs (K) by, by, b, (R) length (ns) length (ns)
256 500 44.83, 44.83, 90.00 6.0 4.8
256 400 44.83, 44.83, 90.00 12 6.1
256 300 44.83, 44.83, 90.00 1.2 14.8
512 500 44.83, 44.83, 150.00 3.0 2.0
512 400 44.83, 44.83, 150.00 1.2 2.2
B. 512 300 44.83, 44.83, 150.00 1.2 311
C.512 300 44.83, 44.83, 150.00 1.2 2.5

a pre-equilibrated bulk configuration (equilibrated for 8 ns) of 256 ion
pairs within a cubic box of edge length 44.83 A was placed at the
center of a tetragonal supercell of dimensions 44.82 A4.83 A x
90.00 A, so that two ionic liquitvacuum interfaces were present in a

electronic densities, in apparent disagreement with the X-ray supercell. A similar procedure of equilibration in bulk was adopted

reflectivity experiments.

for system B, and the size of the supercell inzkdirection was chosen

Our primary purpose is to try to resolve the apparent to be 150 A for its interface calculations. Three-dimensional periOdiC
discrepancies between simulations and experiment on the naturdoundary conditions were employed. The final configuration at each

of the electron density profile near the liquiglapor interface

of [omim][PFs]. Motivated by this aim, we present here results
of fully atomistic molecular dynamics simulations of the liquid
[bmim][PF¢] —vapor interface. Anticipating our results, we
observe number density oscillations at the ligudpor interface

in agreement with earlier simulations. However, the amplitude
of the oscillations in the electron density profile is much less
when compared to that in the number density profile, a feature
that arises out of a near cancellation in the contribution to the
former from the cations and the anions. This observation

temperature was used as the starting configuration for the run at the
subsequent lower temperature. Details on these simulations are sum-
marized in Table 1. In addition to the above calculations, a second
MD run, starting from an independent configuration of 512 ion pairs
at 400 K, was quenched to 300 K. This system was equilibrated for
1.2 ns, and a subsequent trajectory of duration 2.5 ns was obtained for
analyses. We label this as run C. Specifically, we obtained the mass
and electron density profiles reported here as averages from runs B
and C.

The Ewald summation method with tinfoil boundary conditions was
used for the computation of electrostatic interactifnand o values

reconciles experiments and simulations. Further, we observe the?f 0-265 and 0.268 A were employed for systems A and B,

liquid surface to possess a hydrophobic character.

We present details on the methodology and analyses em-

ployed in the next section, and discuss our results later.

2. Methodology and Simulation Details

Empirical potential molecular dynamics simulations were carried out
on a planar liquid slab of B-butyl-3-methylimidazolium hexafluoro-

respectively. A total of 8581 and 12 116 reciprocal vectors were used
in the reciprocal space sum for the two systems, which guaranteed
convergence of the Coulomb energy. A Nestover chain thermo-
staf®> was used to control the temperature. The equations of motions
were integrated using the reference system propagator algorithm
(RESPA)3* Nonbonded interactions within 13 A (the interaction cutoff)
and beyod 6 A were integrated with a time step of 3 fs, and a 1.5 fs
time step was used to integrate nonbonded interactions within 6 A.

phosphate in equilibrium with its vapor. The simulations were carried Torsional forces were evaluated every 0.75 fs, and stretching and
out in the canonical ensemble using an all-atom model that was bending degrees of freedom were integrated with time steps of 0.375
developed by Riua and co-workef&to study crystal forms of ionic fs. The conservation in total energy was 7 parts ind@r 1 ns at 300
liquids. We have employed this potential to study the structure and K.

dynamics of liquid [mmim][CI}° and have also employed it to generate
initial configurations of an ab initio MD simulatiGhrecently. Intramo-
lecular interaction parameters for the fpFanion were adopted from
the work of Borodin et al¥? making the model a fully flexible one.
The current simulations were carried out on two different system sizes
at three temperatures using the PINY_fbPode. System A consisted

of 256 ion pairs (8192 atoms), while system B contained 512 ion pairs
(16 384 atoms). The simulation of the latter, with twice the number of
ions along the-direction as that in system A, was necessary to obtain
a truly bulk-like region in the center of the liquid slab. For system A,
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In all the simulations carried out at 300, 400, and 500 K, none of
the ions were found to be exclusively in the vapor phase, a consequence
of the negligible vapor pressure of this liquid at these temperatures.

Configurations from the MD trajectory were stored every 0.9 ps
during the analysis phase of the simulation. For the calculation of
various density profiles, a bin widthf & A was used. At each instant,
the center of mass of the system was translated to the origin before
obtaining the profile. In some of the illustrations, the density profiles
have been averaged over the two interfaces, where tloenponent of
the center of mass is taken as the zero alongetheis. The electron
density profile was calculated by considering the total number of
electrons of each atom and subtracting the partial charge associated
with that atom corresponding to the interaction potential employed here.
The results were not dependent on whether one subtracted the site partial
charges or not, indicating the robustness of the profiles obtained. While
calculating the orientation of different vectors with respect to the surface
normal @-axis), the interfacial region is taken to be that up to the first
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Press: Oxford, 1987.
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Figure 1. Schematic of [bmim][P§.
minimum in the mass density profile. The region between the center b 16
of mass and the first minimum is considered to be “bulk”. 141
The surface tensiopwas calculated using the diagonal components '
of the pressure tensdt;, employing the formul-38 o 1.2k
o
2 4
y = —b (P + Py, — 2P,)I4 () >
208t
whereb, is the length of the supercell in the direction parallel to the g
interface normal Zaxis), and the presence of the two equivalent a 0.6
interfaces is taken into account by introducing a factor of 2 in the ‘E" 0.4 |
denominator. The pressure tensor of the systems was stored every time '
step to calculate. 0.2 |
3. Results and Discussion 0

) ) 0 10 20 30 40 50 60
A schematic of the molecular structure of [bmim]gPs Z(A)

presented in Flgure 1.|n ord,er to aid the dIS_CUSS|on' . Figure 2. (a) Mass density profile along tteaxis for systems containing
3.1. Mass DensitySimulations of an open interface provide 256 and 512 ion pairs at 300 K. (b) Mass density profile alongzthgis

a good means to estimate the bulk density of a liquid. In Figure for the 512 ion pair system at different temperatures.
2a, we show the mass density profile along #exis for the

two simulated systems at 300 K. Note that the heights of the 05 A

first peak on either interface of the larger system are comparable, = 0.4 A Y

signifying that the sample is well equilibrated. The mass density "{; ' ) !

in the bulk region, estimated betweer —38 A andz= +38 :_.; 03 !

A, of system B is 1.34 g/cfy which is within 1.5% of the 2 !

experimental value of 1.36 g/&#° The profiles from the two 3 0.2 \ )
system sizes overlap with each other in the bulk region. The s v g?g p::::
density oscillations are quite strong and are discernible even g 0.1 \ P
for a distance of 20 A away from the interfaces. Figure 2b shows w = \

the symmetrized mass density profiles for the same system at 0 \

the three temperatures. An expansion of the film with increasing 0 10 20 30 40 50
temperature can be observed. The variation of the thicktless ( zZ(A

of the film in angstroms, with temperatufein Kelvin, can be Figure 3. Electron density profile of 256 and 512 ion pair systems at 300

expressed ag = 35.5 + 0.03T. The thermal expansion

coefficient of the film between 300 and 500 K is obtained as . . . .

6.3 x 1074 K™%, which compares well with the experimentally profile along _tha—a_xm for the 2.56 and 512 on pair systems at

determined value of 6.6 104 K140 _300 K. Tr_le first thing to note_ is that ther(_a is a non-negligible
3.2. Electron and Number Densities.X-ray reflectivity increase in the electron density near the interface as compared

studies on interfaces probe the depth profile of electron density.to that in the bulk. ) .

As discussed earlier, Deutsch and co-workers have recently Note that Fhe .peak height at the mterfacg reaches avalug of

concluded that the electron density profile at a [omimyPF 0.47 e/R, which is comparable tq the interfacial electron density

vapor interface does not show oscillatidAgio compare with of 0.50 e/& obtained from experiment& The average electron

these experiments, we show in Figure 3 the electron densityOlenSity in bulk for the 512 pair system at 300 K is 0.41%/A
' Thus, the electron density at the interface is around 12% larger

(37) Rao, M.; Berne, B. Mol. Phys.1979 37, 455. than that in bulk, a result that is consistent with the X-ray
) s, onon M+ Bresme, F.; Alejandre, J. Chem. Phys2003 reflectivity studies, which measured a-102% increasé? The

(39) Huddleston, J. G.; Visser, A. E.; Reichert, W. M.; Willauer, H. D.: Broker, €nhancement in electron density at the interface over the bulk
(40) %éﬁgng‘)%e.rj:fh;‘;r‘jerﬂ 200, 3, . v T 1 Brennecke. 3. .. Value at temperatures of 400 and 500 K are around 9% and

Maginn, E. JJ. Am. Chem. So@004 126, 5300. 5%, respectively. Thus, the density differentials decrease with
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Figure 4. (a) Number density profiles of cations and anions for the 512
ion pair system at 300 K. (b) Profile of contributions from anions and cations
to the total electron density.

increasing temperature, as expected. The amplitude of the

oscillations also decreases with the increase in temperature
which is consistent with the observations of Lynden-Betin
[mmim][CI]. As we shall discuss later, the magnitude of such
oscillations in the electron density profile in [bmim][fFat
300 K is much diminished when compared to that found in the
number density profiles of the cation and anion.

Shown in Figure 4a are the number density profiles of the
cation and anion centers at 300 K from run B. In the case of
the cation, this is defined to be the ring center, while the
coordinate of the phosphorus atom is taken as the center of th
anion. Pronounced oscillations and layering are observed for
both the ions. Notwithstanding the oscillations seen in the
number density profiles of the cation ring centers and that of
the anions, what matters to the total electron density profile
shown in Figure 3 are the individual contributions from these
two species, which we study in Figure 4b. Here we show the
contribution to the electron density profile obtained from the
cations and from the anions separately. Their sum is the profile
shown in Figure 3, which is reproduced also in Figure 4b for
convenience. As expected from the behavior of the number
density profiles, the electron density profiles of the cation and
the anion exhibit oscillations. The positions of the first peak in
the profiles of the ions in Figure 4b are similar. However, the
positions of the second and subsequent peaks are out of phas
This behavior is clearly visible in the positions of the third and
fourth peaks of the cation profile, which coincide exactly with
the minima in the electron density profile of the anions. As a
consequence, the amplitude of the oscillations in the total
electron density profile is diminished compared to those in the

e

density oscillations in the experiments of Deutsch and co-
workerg? and the number density oscillations ohsed in our
simulations as well as othef82841 Similar out-of-phase
oscillations in the ion contributions to the electron density profile
were observed in two other independent MD trajectories as well
at 300 K for the 512 ion pair system. The cross correlation
between these two contributions has been evaluated-t®t#t,
averaged over three independent MD trajectories of the 512 ion
pair system at 300 K. Values &fl and—1 would mean fully
correlated and fully anti-correlated functions, respectively. Thus,
the result of—0.54 obtained here quantifies our observation of
out-of-phase oscillations in the anion and cation contributions,
as exemplified in Figure 4b.

The anion is found to be mainly responsible for the enhance-
ment of the electron density at the interface, as can be seen in
Figure 4b. Although the number density profile for the cation
shows a marginally taller peak at the interface compared to that
of the anion (see Figure 4a), the contribution from the cation
to the total electron density is nearly uniform, with few
oscillations, whose amplitudes are smaller than those present
in the anion contribution. This result can be rationalized on the
basis of the higher molecular volume of the cation, which results
in its electron cloud being more distributed. The anion contribu-
tion to the total electron density profile mirrors its number
density profile. The combination of these two factors leads to
oscillations in the total electron density.

An enhancement in the molar fraction of the anions at the
interface was predicted by Deutsch and co-workées anions
are the only electron-rich species which could account for the
observed interfacial electron density of 0.5 &/ turns out
from our data that the anions’ contribution to the electron density
enhancement is substantially larger than that of the cations.
However, this fact does not necessarily imply that the anion
number density at the interface has to be larger than that of the
cation. Our observations indicate that the interpretation of the
reflectivity experiments is nuanced. An increase in the interfacial
electron density need not preclude an increase in the number
density of cations at the interface over the bulk value. In
addition, as stated earlier, the decreased amplitude of oscillations
in the total electron density profile can be consistent with the
presence of strong oscillations in the number density of ions.

3.3. Orientation of Cation. Having reconciled this apparent
disagreement between experiment and simulations, we proceed
now to examine other properties of the interface. We study the
orientation of the butyl tail for cations which are present at the
interface. In Figure 5a, we present the distribution of the angle
between the butyl chain (i.e., the NC10 vector) and the
surface normalZaxis).

We observe that the most probable orientation of the butyl
chain is parallel to the surface normal. Thus, the outermost part
of the surface of [bomim][P§ liquid is constituted by the butyl
chains of the cation, and hence the surface should possess some

edegree of hydrophobic character. At 300 K, a significant number

of butyl chains possess a gauche defect in the centrél Bond.
However, we have found that the percentage of such defects is
only marginally increased for cations present at the interface

when compared to those in bulk (data not shown). We have
also studied the orientation of the cation ring with respect to

individual partial electron density profile$his is our central
result, which neatly relates the supposed absence of electron

10076 J. AM. CHEM. SOC. = VOL. 128, NO. 31, 2006
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Figure 6. Number density profile of different sites on the cation and the
anion at 300 K for the 512 ion pair system.
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normal @-axis) in the interfacial and bulk region8.is the angle between -0.2
the vector N+-C10 and thez-axis. (b) Orientation of the ring normal with

respect to the interface normatdxis) in the interfacial and bulk regions. - . . .
6 is the angle between the normal to the imidazolium ring plane and the 0 10 20 30 40 50

z-axis. Z(A)

the surface normal. In Figure 5b, we show the probability Figure 7. AveragesP,(cos8)of the_angle_between the specified vector
distribution for the angle between the ring normal is. and the surface normal for the 512 ion pair system at 300 K.

At the interface, there is a marked preference for theNNvector is in the range of 0-40.5, which indicates the degree of

of thg cation to be para!lel to the.surface nornzeais), a result orientational preference, relative to a value of unity expected
thatis cgnglstept with direct rec0|! spectrometry datdowever, for perfect ordering. The position dependence of the orientation
these distributions are rather wide, and hence preferences forof the NN vector (i.e., the ring plane) with respect to the
orientations are not very strong. Further, the liquid surface is g, t5ce normal is intere’sting Betweer: 43 A andz = 46 A
rough at the Iength_ _sca!es OT a few _angstroms, and_ h‘?ncethe value of itsP; function is negative, implying that the ring
preferences for specific orientations obtained from such distribu- plane is flat on the surface. This can also be seen from Figure

tions shpuld -not be used to puild molecular cartoons of the 6, where beyond = 45 A, the number density profiles of N1,
surface in which structural motifs other than the preferred ones 5 and the cation (center of the ring), which determine the

are _absent. ) ) . . plane of the ring, almost coincide, which is a clear indication
Figure 6 summarizes the interfacial structure. The terminal ¢ the ring being aligned nearly parallel to the surface. Beneath

methyl group of the butyl chain is present in the outermost part g exnosed surface lies a high-density region in which the ring

of the interface, followed by the nitrogen atom (N1) to which plane of the cation is perpendicular to the plane of the interface.

the butyl chain is attached, the anion, the center of the 1s might explain the differences observed in the cation ring
imidazolium ring, the nitrogen atom to which the methyl group orientation between SP&*2 and DRS experiment§:2® The

is attached (N2), and then the methyl group attached to the ring.omer ohserve the ring plane to be flat on the surface, while
A surface alignment of the cation is evident, with the most e |atter report a perpendicular orientation. It should be noted,
pr.obable orientation being that where the butyl Chalns are however, that the range of such an orientational preference is
al|gned parallgl to the surfape normal. The butyl Fa'ls of the rather short, with only the first layer at the surface exhibiting
cations at the interface are interspersed by the anions.  q,ch preferences. In the bulk region, the second-order Legendre
The orientation of the cations in the system can be described ynomial for all the angles vanishes due to its isotropicity, as
by Legendre polynomials, which are defined Rgcos6) = expected.
cosf) andP?(cose) = (1/2)(3 co8 6 — 1). Such functlons_ enab_le The surface tension values for the 256 ion pair system were
us to obtain an |de§1 of the range and extent of orientational ogtimated to be 73, 38, and 36 mN-hat temperatures of 300,
preferences at the interface. The averaggcost)Lfor the 400, and 500 K, respectively. The value at 300 K is larger than
NN vector, the butyl vector of the cation, and the normal to the experimental value of 45 mNTh?243The difference could
imidazolium ring with respect to theaxis are shown in Figure
7. The peak value for the butyl chain function at the interface (42) Rivera-Rubero, S.; Baldelli, S. Am. Chem. So@004 126, 11788.
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point to deficiencies in the model potential as well as to the be related to the higher surface tension of the simulated
smaller surface area employable in simulations compared tointerface? We discount this possibility, as such oscillations are
experiments. Surface tension is a rather tough quantity to observed in our systems at 400 and 500 K as well, where our
converge in equilibrium simulations. For instance, at 300 K, surface tension estimates are comparable to the experimental
the estimated standard deviation on the mean value of 73 mNvalue (at 300 K). This provides us confidence that density
m~tis 222 mN nT! Nonequilibrium methods to obtain surface  oscillations are indeed present in liquid [bmim]gp&t its vapor
tension from atomistic simulations could be helpful. interface at 300 K. However, simulations study much smaller
samples than considered in experiments, and hence they do not
include effects of capillary waves.

The observation of large-amplitude oscillations in the number
density at the interface is in apparent disagreement with the

4. Conclusions

The microscopic structure of the liquid [bmim][gFvapor
interface has been elucidated using atomistic molecular dynam-

ics simulations. The potential model is found to predict the bulk USi f X flectivit imer&The elect
density and thermal expansion coefficient of the liquid quite conclusions from A-ray refiectivity expenme € electron

well, although the calculated surface tension is larger than the deqsity profile obtained hgre exhibits oscillations with the same
experimental value. We summarize our main results as follows. period as one of the profiles reported by Deutsch et al., which

(i) Density oscillations are observed at the interfacin the was not selected for further analyses by them based on
number density of cations and anions, in the mass density, andconsiderations of experimental resolution. On the other hand,
also in the electron density. Oscillations in the electron density In partial agreement with them, we find that the oscillations in
are much diminished when compared to the amplitude of the total electron density profile are diminished in amplitude
oscillations in the number densities, due to a near cancellation'€lative to those found in the number density profile. The
in the contribution from the anions and that of the cations. ~ underlying reason for the observation of strong oscillations at

(ii) The electron density at the interface is around 12% larger the interface in the number densities of ions and weak ones in
than that in the bulk. This result is in excellent agreement with the electron density profile is the difference in the molecular
conclusions drawn from X-ray reflectivity measuremeits. sizes of the two species, being appropriate to nearly cancel out

(iii) The enhanced electron density at the interface is largely their contributions to the total electron density. This central result
contributed by the anions, although both anions and cationsis unlikely to change with the inclusion of polarizable interac-
enrich the surface. The cationic contribution to the electron tions. Recent MD simulations on the liquigtapor interface of
density profile is nearly featureless, due mainly to its larger a different IL, i.e., [emim][NQ], at 400 K*! using a polarizable
molecular volume. model exhibit similar features of an out-of-phase oscillation in

(iv) The butyl chain of the cations present at the interface the number densities of cations and anions, a result that is crucial
exhibits a preference to orient along the surface normal. Hence,to the arguments enunciated in our work. Such a behavior in
the surface could be expected to have a certain amount ofthe number density profile can lead to similar effects in the
hydrophobic character. However, the hydrophobicity of this contribution of ions to the total electron density profile, as
surface will be less than that ofrealkane, due to the presence reported here. It thus appears that our interpretation of the
of charged groups in the vicinity. decreased amplitude in the electron density profiles of the

~ (V) In the densest region of the interface, the cation ring plane jiquid—vapor interfaces of ionic liquids possessing short side
is oriented parallel to the surface normal. Closer to the vapor chains could be general.

phase, which is rarer, the ring plane is parallel to the surface
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